We determined hyperfine coupling constants (hfcc) of the imidazole ligand in a ferromagnetic coordination polymer, di-µ-thiocyanatobis(imidazole)nickel(II), using 
Introduction
Magnetic interactions in coordination compounds can be classified into three groups: direct, intramolecular, intermolecular interactions. The direct interaction is the interaction between paramagnetic metal ions connected by direct metal-metal bond. The other two interactions are mediated by diamagnetic ligands and are indispensable for a molecule-based magnet to exhibit long range order such as ferromagnetism, ferrimagnetism, and antiferromagnetism. [1, 2] The intramolecular magnetic interaction is the interaction mediated by bridging ligands in a polynuclear complex. Not only simple ligands (Cl − , Br − , O 2− , OH − ) but also bidentate ligands (SCN − [3] , ox − [4] , N − 3 [5] ) can act as a magnetic coupler. The role of these bridging ligands in the superexchange interaction can be explained well by a molecular orbital theory at the level of extended Hückel calculation. And the theory can be verified from spin density distribution determined by polarized neutron diffraction experiment. [6] In contrast, The intermolecular magnetic interaction, which contains van der Waals contact or hydrogen bonding in its interaction pathway, has not been understood well because this interaction is relatively weak and it may depend on crystal packing. This interaction plays an important role when pseudo lowdimensional magnetic compound undergoes three-dimensional ordered state.
An example is diimidazolecopper(II) dichloride [7, 8] . In this crystal, onedimensional Cu(II) chain is formed by bridging Cl ion, and the magnetic susceptibility data above 12 K is interpreted by one-dimensional antiferro- mediated by N-H · · · Cl hydrogen bond between adjacent chains but its coupling mechanism is still unknown. Moreover, imidazole ligand seems to act as ferromagnetic coupler in another compound. [3] Higher level of theory and experimental methods to verify this theory are necessary to understand the intermolecular magnetic interaction in coordination compounds. In this work, we have employed Density functional theory (DFT) and NMR experiment [9] to elucidate role of the imidazole ligand in long range ordering.
Di-µ-thiocyanatobis(imidazole)nickel(II), Ni(NCS) 2 (Him) 2 , is a ferromagnet (T C = 5 K) which consists of NCS-bridged one-dimensional Ni(II) chains as shown in Fig. 1 
Experimental

Preparations
1,2-Dideutero-imidazole was prepared by literature method [10] . [11] . The uncertainty of the temperature measurement after the calibration was 4 K, and the temperature fluctuation during the accumulation was within 1 K. The differences between the sample temperature T and the bearing gas temperature T b , which was read from the thermometer, were 27 K at T = 202 K and 7 K at T = 304 K for a spinning rate of 9 kHz [12] . 1 H-, 2 H-, and 13 C-NMR shifts were measured from tetramethylsilane.
Computational methods
Using the GAUSSIAN 98 software package [13] , we performed UB3LYP cal-
2− as a molecular model for the coordination polymer. The geometric structure of the model was extracted from the crystal structure [3] determined by X-ray diffraction. The Wachters-Hay basis set [14, 15] was used for Ni atom and the 6-31G(d,p) basis set was used for H, C, N, S atoms.
Results and discussion
NMR peak assignment
The observed isotropic lines in the 2 H-MAS-NMR spectra were accompanied by typically 30 spinning sidebands (SSBs) spaced at the spinning frequencies. This is because the anisotropic quadrupole interactions of the deuterons are much larger than the spinning frequencies. We confine ourselves to the isotropic part of the spectra though it is possible, in principle, to analyze the SSBs to deduce the anisotropic hyperfine interaction [16] . caused by large hfcc of this nucleus.
We, consequently, assigned all the observed three lines to 13 C in the imidazole ligand. The peak at 318 ppm and its SSBs sharpened when protons of 1,2-position were substituted by deuterons as shown in Fig. 3(b) . This narrowing is explained by the facts that (i) 13 C-1 H dipolar interaction is not completely removed under our MAS condition, and (ii) the nuclear-nuclear dipolar interaction can be reduced chemically by deuteration. The degree of the reduction should be most significant for the adjacent carbon. Thus we assigned the peak at 318 ppm to 2-carbon. When all the protons were substituted by deuterons, all the lines in 13 C-NMR spectrum sharpened as shown in Fig. 3(c) . We ana- Table 1 . We found that the position of the isotropic line δ iso of the signal at the highest frequency shifted from 564 ppm (1 and 3) to 555 (4) ppm by deuteration. The other two peak (318 and 278 ppm) remained the same within experimental errors. The cause of this shift is not fully understood at present. we guess that it was due to a slight modification of the crystal structure caused by deuterium substitution. The anisotropic parameter ∆ exp of the highest frequency peak was smaller than those of the other peaks, indicating this signal can be assigned to 4-carbon of which distance from nickel atom is long. To confirm this speculation, we computed anisotropic parameter ∆ calc and the asymmetric parameter η calc for each carbon site from crystal structure parameters as discussed below.
Supposing the nuclear-nuclear dipolar interaction is decoupled, the NMR shift tensor is given as a sum of the hyperfine tensor and the chemical shift tensor [19] . The anisotropic part of the hyperfine tensor, which comes from electronnuclear dipolar interaction, can be estimated by a point dipole model [20] .
We put a point dipole bearing effective moment of µ eff = g S(S + 1) = (Fig. 3(d) ), supporting the peak assignment.
Determination of the hyperfine coupling constants
The hyperfine coupling constants (hfcc) of the 1 H, 2 H and 13 C of the imidazole ligand were determined from the temperature dependence of the isotropic NMR shifts δ iso measured for 3 using the following procedure.
The isotropic shift of a ligand nucleus in a paramagnetic metal complex consists of the Fermi contact term, the pseudo contact term, and the diamagnetic term
Kurland and McGarvey [21] gave a expressions for δ Fermi and δ pc of tetragonally distorted octahedral Ni 2+ (S = 1) complex as
cos
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where A is the hfcc in hertz, T is the absolute temperature, γ nuc is the gyro- 
To determine A from the temperature dependence of δ iso , we estimated the other parameters g , g ⊥ , and θ from published data. The Weiss temperature were estimated from the intrachain magnetic coupling constant 2J = 8.0 cm −1 [3] , using
where z is the number of the neighboring atoms and is equal to two for a simple magnetic chain. The estimated value of θ is 15.3 K. The g values of tetragonally distorted octahedral Ni 2+ (S = 1) complex can be expressed as
where λ is the spin-orbit coupling constant and ∆E are the excitation energies.
Using the literature values of ∆E(
, and g iso = 2.18 [3] , we obtained g ⊥ = 2.21 and g = 2.13.
The geometric parameters R were taken from the crystal structure, whereas Ω were approximated by zero for all the nuclei in the imidazole ligand, on the assumption that S-Ni-S was the symmetric axis. We finally obtained an expression of the isotropic NMR shift as
where x is defined as
and δ dia is assumed to be independent of temperature.
Temperature dependence of the isotropic shifts of 1 H-, 2 H-and 13 C-MAS-NMR of 3 were fitted by Eq. 9 as shown in Fig. 4 . The experimental values of A are listed in Table 2 where the hfccs of deuteron were converted to those of proton by multiplying by the gyromagnetic ratio γ1 H /γ2 H . We observed that A of H and C are all positive values. The sign of A calc obtained from DFT calculation were also positive and the (A calc − A exp )/A exp were within ±20 % for carbon. This agreement between the experimental and theoretical hfcc encouraged us to utilize the calculated atomic spin density ρ calc for discussing the spin density distribution of the imidazole ligand.
Spin density distribution of the imidazole ligand and possible interchain pathway
The positive signs of A of H and C can be explained by σ spin delocalization mechanism. [22] An octahedral Ni 2+ (S = 1) complex has a (t 2g ) 6 (e g ) 2 configuration and e g orbitals are the SOMO of this complex. One of the e g orbitals is composed of d x 2 −y 2 orbital of the nickel ion and σ orbitals of the ligand where c d and c k are appropriate coefficients. In the case of nickel-imidazole complexes, one of the σ orbitals is the n-orbital or a molecular orbital occupied by lone electron-pair, which is mainly composed of an atomic orbital (AO) of 3-nitrogen. The coefficients of Eq. 11 is related to the spin delocalization from nickel into 3-nitrogen and the degree of the delocalization was |c Him | 2 0.06
for Ni(NCS) 2 (Him) 2 as is seen in Table 2 . The electron spin is delocalized over the whole imidazole ligand because the n-orbital is not only composed of the AO of 3-nitrogen, but also of s-orbitals of hydrogen atoms and sp 2 orbitals of carbon atoms of the ligand. Though the contributions from these other AOs are small compared to that of the 3-nitrogen, the result that all of the observed A of H and C are positive values indicates that the σ spin delocalization is the dominant mechanism.
The other possible mechanism that induces spin density distribution is spin polarization mechanism, originally introduced by McConnell and Chesnut to explain negative spin densities in aromatic radicals. It states that in molecular orbital theory the most likely spot to find a negative spin density is on a carbon atom which has zero spin density in the ground state configuration. [23] Subsequently, it was extended to deal with non-aromatic radicals such as nitroxide or nitronyl nitroxide. It is sometimes referred to as alternation rule because the sign of the spin density alternates through successive bonds. [24] In the imidazole ligand of Ni(NCS) 2 (Him) 2 , the spin source that induces π spin polarization is the p z orbital of 3-nitrogen of which electron spin is induced by n-π spin polarization. The alternation rule predicts negative spin densities on 2-and 4-carbon atoms and positive spin densities on 1-nitrogen and 5-carbon from this spin source. The calculated atomic spin densities ρ calc listed in Table 2 
